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Abstract 
The dwarf-castor could be drought tolerant, pest-resistant, require less artificial care, and biomass oil could be harvested for three 
times in a year. Differential scanning calorimetry (DSC) will be used to obtain the crystallization temperature and the enthalpy of 
endothermic and exothermic of the dwarf-castor oil, the biodiesel, petrodiesel, and the environmentally-friendly diesel. Moreover, 
the infrared spectrometer (FT-IR) will be also used in the results of transesterification for identifying the characteristic functional 
groups. Furthermore, the heat of combustion and the kinematic viscosity of environmentally-friendly diesel were conducted by 
bomb calorimeter and viscometer, respectively, which were compared with the various proportion of biodiesel for mixing with 
petrodiesel, and then to obtain the best condition of mixtures B20 as a suitable environmentally-friendly diesel of dwarf-castor’s 
biodiesel. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of scientific committee of Beijing Institute of Technology. 
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1. Introduction 
 
The dwarf-castor growth height is ca. 1.2 meters; it is drought tolerant, pest-resistant, requires less artificial care, 
and biomass oil can be harvested three times in a year. To date, the dwarf castor is only for harvesting terrestrial 
biomass by mechanical harvesting in the world. Dwarf -castor has rich oil production, the oil of which is generally 
refined for making into lubricants, motor oil, and brake oil. Specifically, the castor planted is in tropical regions, the 
oil-producing reaches approximately 50 % (w/w) [1–3]. It is advantageous for mitigating the risk of a petroleum 
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crisis, to find an appropriate alternative energy or green energy. Actually, not all are suitable for bio-oil as alternative 
energy and green energy. It is a critical point for biodiesel. First, it does not take food or feed cultivated farmland. 
Second, large-scale biomass oil must be produced. Dwarf-castor is consistent with the two important lines. Therefore, 
the dwarf-castor can produce a large amount of biomass oil, which also can improve air quality and inhibit global 
warming. 
The main stages of the dwarf-castor biodiesel production process are as follows: (a) saponification fixes the 12-
hydroxy-9-octadecenoic acid, which is used for enhancing the yield of the transesterification reaction and removing 
impurities, glycerol, and free fatty acid; (b) reduction reaction, which reverts the fatty acids for convenient 
converting to biodiesel; and (c) acid-catalyzed reaction, which makes thericinoleic acid and methane for fully 
transesterifying into the fatty acid methyl ester [4–11]. 
Differential scanning calorimetry (DSC)will be used to obtain the melting temperature, the crystallization 
temperature, and the enthalpy of endothermic and exothermic of the dwarf-castor oil, the biodiesel, and the 
environmentally-friendly diesel [12–18].An infrared spectrometer (FT-IR) will be also used in the transesterification 
for identifying the characteristic functional groups [19, 20].  
Good environmentally-friendly diesel has suitable heat of combustion and kinematic viscosity. It is an important 
performance indicator of biodiesel for mixing with petrodiesel, which is concerned with effective fuel for diesel 
engine [20, 21]. Here, the heat of combustion and the kinematic viscosity of environmentally-friendly diesel were 
tested by bomb calorimeter and viscometer, respectively, which were compared the various proportion of biodiesel 
for mixing with petrodiesel; then, the best condition of mixtures was obtained as a good environmentally-friendly 
diesel of dwarf-castor’s biodiesel [3,22]. It is an important project for developing high quality environmentally-
friendly diesel from the dwarf-castor oil. 
2. Materials and methods 
2.1. Samples 
 
Dwarf-castor beans, which were purchased from castor farmland in Taiwan, were sun dried for five days and then 
stored a cool and dry environment. The fatty acid profile of dwarf-castor oil is displayed in Fig. 1. 
 
 
Fig. 1. Dwarf-castor oil major fatty acid profile. 
2.2. Transesterification 
First, the goal was of fixed fatty acid composition, which was saponified with the three equivalents of sodium 
hydroxide under ca. 90 °C for three hours, and then the impurities, the free fatty acids, and glycerol were removed to 
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form the dwarf-castor oil soap. The dwarf-castor oil soap was included in the further transesterification. From the 
above-mentioned via saponification, which excluded the impurities, the free fatty acids, and glycerol, we could then 
obtain high purity fatty acid for the next step of the reduction reaction.  Second, the reduction reaction was mixed 
with sulfuric acid to form fatty acids under 85 °C for three hours. Finally, the acid-catalyzed reactions were mixed 
with dil. sulfuric acid (less than 0.02 % ratio of fatty acid) and methanol (fatty acids: methanol = 1:5) under reflux 
for overnight. 
2.3. Infrared spectroscopy analysis 
The fatty acids of dwarf-castor oil and the fatty acid methyl esters of dwarf-castor biodiesel were accreted drop 
wise onto a KBr disc from a concentrated dichloromethane solution, respectively [19, 20]. Evaporation of the 
solvent resulted in a uniform film. Infrared spectra were obtained using a Bruker Alpha FT-IR spectrometer. Spectra 
were assembled in the transmission mode with an unpolarized light beam, at a resolution of 4 cm–1 with six scans, 
and a spectral range of 4000–400 cm–1. 
 
2.4. Differential scanning calorimetry (DSC) tests 
Temperature–programmed screening experiments were performed with DSC (TA Q20-RCS90). For DSC 
analysis on the samples sealed in 20μL aluminum pans, the lid is pressed onto the crucible using the pressure of a 
heavy mechanic force, and the seal tightens the crucible; the test cell is then sealed manually by a special tool 
supplied by a special tool equipped with TA’s DSC. ASTM E698 was used to obtain thermal curves and the 
parameters were analyzed. About 1.7 to 2.5mg of the sample was used for obtaining the experimental data. Non-
isothermal tests of the scanning rate selected for the programmed temperature ramp were 4, 6, and 8 °C/min for the 
range of temperature rise chosen from 30–65°C and then cooling down to –30 °C for each endothermic and 
exothermic reaction experiment, and from 30–300 °C for each thermal stability and phase behavior experiment, 
respectively. 
Comparisons were made of thermal stability and phase behavior experiment of the commercial diesel, the 
commercial environmentally-friendly diesel, and the various proportion of biodiesel for mixing with petro diesel 
only, with the programmed temperature ramp of 4 °C/min for the range of temperature rise chosen from 30–65 °C 
and then cooling down to –30 °C for each endothermic and exothermic reaction experiment and from 30–300 °C. In 
all studies with DSC thermal analysis, high purity nitrogen was the purge gas and the flow rate was 50 mL/min. 
2.5. Kinematic viscosity measurement 
Kinematic viscosity measurement is important for diesel engine fuel. It is also an important indicator for 
biodiesel. To charge the sample into the viscometer, we placed the viscometer into the holder for fixing, and inserted 
it into the constant temperature bath. A viscometer holder which fits the Cannon-Fenske Opaque viscometer and the 
Cannon-Manning Semi-Micro viscometer will also fit Cannon-Fenske Routine viscometer. We aligned the 
viscometer vertically in the bath by means of a small plumb bob in tube. Approximately 10 minutes was allowed for 
the sample to come to the bath temperature at 40 °C. To measure the efflux time and check run we repeated three 
times for each sample. We also compared with a commercial diesel and a commercial environmentally-friendly 
diesel, and the various proportion of biodiesel for mixing with petrodiesel. 
2.6. Heat of combustion measurement by bomb calorimeter 
Heat of combustion analysis of the samples was conducted on a Parr 1341 oxygen bomb calorimeter instrument. 
This study conducted a heat of combustion analysis for all samples as follows: (a) To prepare, the water temperature 
should be approximately 1.5°C below room temperature, for which it is not necessary to use exactly 2000 g, but the 
amount selected must be duplicated within ± 0.5 g for each experiment. We opened the filling connection control 
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valve slowly and watched the gage as the bomb pressure rose to the desired filling pressure (usually 30 atm., but 
never more than 40 atm.); then we closed the control valve. (b) Instead of weighing the bucket it can be filled from 
an automatic pipet or from any other volumetric device if the repeatability of the filling system is within +/-0.5 mL 
and the water temperature is held within a 1 ºC range. (C) We let the stirrer run for 5 minutes to reach equilibrium 
before starting a measured run. Approximately 0.5 g of the all samples was used for acquiring the experimental data. 
At the end of this period we recorded the time on the timer of Parr 6775 Digital Thermometer and read the 
temperature. 
3. Results and discussion 
3.1. Transesterification 
From the sequences of saponification, reduction reaction and acid-catalyzed reactions which were conducted for 
the full process of transesterification, excluding the impurities, the free fatty acids, and glycerol, we successfully 
obtained the dwarf-castor biodiesel. From Fig. 2, we observed the hydroxyl (–OH) groups of long carbon chain of 
carboxylic acid, the stretching-vibration absorption peak wave numbers were 3600–3100 cm–1& 2700–2400 cm–1 
and the stretching-vibration absorption peak wave numbers were 1020 cm–1&850 cm–1, for which the characteristic 
functional group of 12-hydroxy-9-octadecenoic acid was clearly exhibited in the IR spectrum. In addition, the 
carbonyl group (–C=O) of carboxylic acids, the stretching-vibration absorption peak wave number was 1760 cm–1 
and the C–O stretching-vibration absorption peak wave number was 1390–1190 cm–1,respectively, which were also 
obviously showed in the spectrogram. 
 
                
Fig. 2.  FT-IR spectrogram of the fatty acids of dwarf-castor oil and the fatty acid methyl esters of dwarf-castor biodiesel. 
Fig. 2 shows the hydroxyl (–OH) groups in carboxylic acids could generate methyl groups (–O–CH3) through 
methyl transesterification. When the hydroxyl group in carboxylic acids was gradually transesterified, the broad of 
stretching-vibration absorption peak (3600–3100 cm–1& 2700–2400 cm–1) gradually sharpened, along with the 
hydroxyl (–O–H)stretching-vibration absorption peak wave numbers 1020 cm–1&850 cm–1 and the C–O–H bending-
vibration absorption peak wave numbers 1490–1395 cm–1 were gradually sharpened too. In addition, from Fig. 2 the  
hydrogen bond stretching-vibration of intermolecular absorption peak wave number 3350 cm–1 and the same plane 
of O–H bending-vibration absorption peak wave number 1350 cm–1 were very clear, which proved the 12-hydroxy-
9-octadecenoic acid methyl esters presence. The above transesterified results of fatty acid via FT-IR spectrogram 
corroborated the accuracy of the transesterification, which proved the dwarf-castor oil formed the biodiesel. 
944   Shu-Yao Tsai et al. /  Procedia Engineering  84 ( 2014 )  940 – 947 
3.2. DSC analysis 
The phase behavior of castor oil and castor biodiesel has been characterized by DSC in terms of the temperature 
and the enthalpy of the phase transition. From Figs. 3–5, the DSC thermograms show the distinct phase transitions, 
respectively. Three conditions of the onset temperature, the peak maximum temperature, and the endothermic and 
exothermic reaction of enthalpy associated with the DSC transition, were found for the thermal characteristics of the 
castor oil and castor biodiesel. In fact, the DSC peak maximum temperature and enthalpy measured for the castor oil 
and castor biodiesel clearly discriminate the differences. Figs. 3 and 4 show that the DSC thermogram programmed 
temperature ramp was 4, 6, and 8 °C min–1 for the range of temperature rise chosen from 30–65 °C and then cooled 
to –30 °C for each castor oil and castor biodiesel experiment, respectively. For the castor oil and castor biodiesel, 
though there was a deviation from the baseline, we cannot see at 30–65 °C an obvious endothermic and exothermic 
peak as that of castor oil and castor biodiesel experiment, and then 65 °C cooled to –30 °C also has no exothermic 
peaks for exhibiting a significant crystallization reaction. Fig. 5 shows DSC non-isothermal tests of the scanning rate 
selected for the programmed temperature ramp were 4, 6, and 8 °C/min for the range of temperature rise chosen 
from 30–300 °C for each and phase behavior experiment, respectively. From Figs. 6 and 7, there is a peak maximum 
temperature of ca. 190 °C and 187 °C for the exothermic reaction of castor oil and castor biodiesel, respectively. 
The detailed results of DSC analysis are listed in Table 1. 
 
Fig. 3. DSC thermal curves of heat flow versus temperature for 
the dwarf-castor oil of the range of temperature rise chosen 
from 30–65 °C and then cooling down to –30 °C with scanning 
rate 4, 6, and 8 °C/min.  
Fig. 4. DSC thermal curves of heat flow versus temperature for the 
dwarf-castor biodiesel of the range of temperature rise chosen from 
30–65 °C and then cooling down to –30 °C with scanning rate 2, 4, 6, 
and 8 °C/min. 
 
 
Fig. 5. DSC thermal curves of dwarf-castor oil of the range of temperature rise chosen from 30–300 °C at various with scanning rates of 4, 6, and 
8 °C/min. 
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3.3. Kinematic viscosity measurement 
From Fig.6, we obtained the B100 (100% castor biodiesel) and B50 of kinematic viscosity average values of 
46.50 and 12.48, respectively. Generally, the biodiesel is to be as fuel for diesel engine, the kinematic viscosity 
range followed the ASTM D6751 and EN 14214 specification standards, from 1.9 to 6and from 3.5 to 5.0 mm2/s, 
respectively [22, 23]. It is too sticky for B100, B50, and B30 as an environmentally-friendly diesel. Meanwhile, 
from Fig 6, we observed B2–B20, which value of kinematic viscosity is included in a suitable range, which also 
shows that the high mixing ratio of environmentally-friendly diesel is B20 in this study. 
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Fig. 6. Kinematic viscosity of various proportion of biodiesel for mixing with petrodiesel. 
3.4. Heat of combustion measurement 
In this study, for the heat of combustion of environmentally-friendly diesel, the basic value is a commercial diesel, 
which value was as a comparison benchmark for other diesels. From Table 2, we obtained the heat of combustion 
that B100, B50, and B30are less than the others, which also showed them unsuitable for an environmentally-friendly 
diesel. Comparisons of all samples of heat of combustion, from which could be acquired the mixed ratio of 
environmentally-friendly diesel smaller than B20, the fuel suitable for use in compression ignition diesel engines in 
this study. Meanwhile, from Table 2, we observed the B2–B20, which value of heat of combustion is included in the 
suitable range, which also shows the highly mixed ratio of environmentally-friendly diesel is B20 in this study. 
From the above transesterified results of fatty acid via DSC tests and FT-IR spectrogram we repeatedly 
corroborated the accuracy of the transesterification and the specific characteristics, proving that dwarf-castor oil 
forms biodiesel, and then by bomb calorimeter and viscometer, we compared with the heat of combustion and the 
Table 1.Results of DSC tests of castor oil and biodiesel of the range of temperature rise chosen from 30–300 °Cat various 
with scanning rates of 4, 6, and 8 °C/min. 
Sample Massa Conditionb ExoToc ExoTpd ExoΔHe 
Castor oil 
2.4 4 175.92 187.98 28.64 
2.5 6 171.60 190.12 37.44 
2.5 8 181.14 196.71 42.45 
Biodiesel 
2.0 4 147.00 171.35 37.68 
1.9 6 164.38 183.57 31.45 
1.8 8 170.29 192.47 16.23 
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kinematic viscosity of the various proportion of biodiesel for mixing with petro diesel, respectively, which could be 
used to obtain the best condition of the mixture B20 as a use suitable environmentally-friendly diesel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusions 
Overall, dwarf-castor oil can be developed for biodiesel production and successfully made into suitable 
environmentally-friendly diesel; we have obtained the best condition of mixtures and the highly mixed rate of B20 
(heat of combustion 43443.727 J/g; kinematic viscosity 4.44 mm2/s) as an appropriate environmentally-friendly 
diesel of dwarf-castor’s biodiesel. 
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